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INTRODUCTION

Several infrared studies were conducted in the past on Fe
reduction in nontronite and Fe-bearing smectites (Roth et al.
1969; Roth and Tullock 1973; Rozenson and Heller-Kallai 1976a,
1976b; Stucki and Roth 1976, 1977; Russell et al. 1979; Komadel
et al. 1995; Yan and Stucki 1999, 2000; Manceau et al. 2000b).
Their objectives were primarily focused on one of the following
research fields: (1) the extent of Fe reduction determined using
different reducing reagents, including sodium dithionite, sodium
sulfide, anhydrous hydrazine, and aqueous hydrazine; (2) the
extent and ease of Fe reduction determined using different kinds
of minerals; and (3) the mechanisms involved in the processes
of Fe reduction and reoxidation.

Rozenson and Heller-Kallai (1976a, 1976b) concluded that
Fe in smectite having both Al and Fe in the octahedral sheet was
more easily reduced than Fe in nontronite having Fe as the domi-
nant cation.Russell et al. (1979) suggested that Fe in the tetrahe-
dral sheets was more easily reduced than Fe in the octahedral
sheet.Rozenson and Heller-Kallai (1976a, 1976b) proposed that
the loss of hydroxyl during reduction occurred through protona-
tion of a single hydroxyl group. Stucki and Roth (1977), how-
ever, hypothesized that simultaneous loss of two hydroxyls
occurred during reduction and each Fe remaining in the reduced
nontronite became fivefold coordinated. Reoxidation restored
the lost hydroxyls.The isotope tritium (3H) was used as a tracer

for the measurement of structural OH groups during the redox
process and tended to support this hypothesis (Lear and Stucki
1985), but Manceau et al. (2000b) found that structural Fe in
reduced nontronite remains sixfold coordinated.

A thorough review of the previous studies revealed several
inadequacies in the experiments and conclusions.For example,
Rozenson and Heller-Kallai (1976a, 1976b) and Russell et al.
(1979) used no buffer in their reduction medium.When sodium
dithionite is dissolved in H2O, the pH drops and causes some
dissolution of the clay. So, results showing structural changes
reported in those studies may have been confounded by the acid
dissolution. Controlling the pH at near neutral or slightly basic
minimizes or eliminates this problem.

Furthermore, the reduced samples were often left unprotected
from reoxidation (Roth et al. 1969; Roth and Tullock 1973;
Rozenson and Heller-Kallai 1976a, 1976b; Russell et al. 1979).
The fact is reoxidation readily occurs after reduction if no pro-
tection from O2 is provided. Stucki and co-workers observed
that the reduced Na-smectite suspensions are still prone to
reoxidation even with very good protection (Stucki, unpublished
results).

Another limitation in the previous studies was that the level
of reduction was usually less than 50% of the total Fe. Hydra-
zine can only reduce Fe-rich smectite up to about 10% (Rozenson
and Heller-Kallai 1976a, 1976b; Stucki et al. 1996). So, the
results obtained using hydrazine are limited.Actually, other in-
organic reducing agents are similarly limited, except sodium
dithionite (Stucki et al. 1996).

For the last two decades, one focus of Stucki and co-workers* E-mail: jstucki@uiuc.edu
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samples exhibited a pleochroic effect, indicating the possible existence of trioctahedral domains. A
large (up to 43 cm–1) downward shift of the main Si-O stretching band of the reduced samples was also
observed. Such a large shift indicates that the change in Fe oxidation state in the octahedral sheet
strongly affects the structural properties of the tetrahedral sheet, which might further affect physical
and chemical properties of the mineral surface.The spectral differences across all three studied regions
between unaltered and reoxidized samples after up to 240 min of reduction indicated that the redox
process involving sodium dithionite is in some respects irreversible, even though virtually all structural
Fe2+ can be reoxidized.
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has been to improve the Fe reduction levels and to effectively
protect the reduced sample from reoxidation during the experi-
ment by using septum-sealed reaction tubes, an inert-gas atmo-
sphere glove box, and an O2-free washing apparatus (Stucki et
al. 1984a; Komadel et al. 1990; Yan and Stucki 1999; Stucki et
al. 2000).The important benefits of these improvements are that
the conditions for handling reduced samples are optimized and
that the level of reduction is increased to nearly 100% by intro-
ducing an inert-gas vent into the reduction reaction tube that
allows gaseous reaction products, such as H2S, to escape and
thereby drive the reaction to completion (Komadel et al. 1990).

Few studies have examined the reoxidation of the reduced
samples (Stucki and Roth 1977; Komadel et al. 1990, 1995; Yan
and Stucki 1999, 2000).However, such studies are very impor-
tant as they establish the extent of reversibility associated with
redox cycles, and thus to direct the application of Fe-bearing
clay minerals.

The aim of the present work was to study by IR spectros-
copy the reduction of an Fe-rich smectite (Garfield nontronite) at
various levels (different ratios of Fe2+ to total Fe), and its subse-
quent reoxidation.Three different regions of the IR spectrum are
particularly relevant, namely, O-H stretching, O-H deformation,
and Si-O stretching.Results will contribute to the understanding
of the reduction and reoxidation processes and of changes in
surface properties when Fe-bearing minerals are subject to re-
dox conditions.

MATERIALS AND METHODS

Clay preparation

The clay used in this study was the Garfield, Washington,
reference nontronite (API No. 33-a, Ward’s Natural Science
Establishment, Rochester, NY). The X-ray diffraction (XRD)
pattern (not shown) of this initial material prepared according to
Stucki et al. (1984a) indicated the presence of a small amount of
silica and Fe oxides (i.e., goethite and maghemite; Huo 1997).
Because these ancillary phases could complicate the IR spectra,
the first step of the present study was to purify the clay.Conven-
tional clay fractionation by sedimentation or centrifugation (Jack-
son 1979) proved to be insufficient to remove these phases (Huo
1997). Thus, a new method effective for the removal of fine-
grained silica and Fe oxides was used (R. Glaser and A. Manceau,
personal communication) as follows.

Step 1: A 50 g sample of clay was shaken vigorously in ~500
mL of 1 M NaCl solution for 10 h.

Step 2: The sample was centrifuged at 12 000 g (Dupont
Model Sorvall RC 5C plus centrifuge with SS-34 rotor, 10 000
rpm) and the supernatant liquid replaced with fresh 1 M NaCl
solution, then shaken again.

Step 3: Steps 1 and 2 were repeated 6 to 7 times and the
sample was washed several times with pure H2O to eliminate
excess NaCl and to disperse layers (layers were flocculated at
high ionic strength in the presence of NaCl).The first washings
in this step consisted of a rapid, short agitation followed by short
centrifugation (12 000 g), which removed the largest Fe oxide
particles that had settled to the bottom of the centrifuge tubes.As
the number of washing cycles increased, the layers became more
dispersed, resulting in a suspension or stable gel that still con-

tained some impurities. Any brownish-yellow deposit was re-
moved, and then the gel was separated, diluted in pure H2O, and
shaken vigorously to redisperse the layers. The centrifugation
speed was increased progressively with the number of disper-
sion-centrifugation cycles, beginning at 10 000 rpm and ending
at 15 000 rpm. The dispersion-centrifugation cycles were con-
tinued until no brownish-yellow deposit was observed.

Step 4: The gel was then diluted with 1 M NaCl to obtain a
concentrated suspension, then excess salts were removed by
centrifuge washing and the resulting salt-free suspension was
freeze dried for storage.

The final purified sample was greenish in color. Its XRD
pattern was typical of dioctahedral smectite without admixed
crystalline Fe oxide and quartz, and its structural formula, calcu-
lated from chemical analysis, was: Na0.81(Si7.22Al0.78)
(Fe3+

3.64Fe2+
0.01Al0.32Mg0.04)O20(OH)4 (Manceau et al. 2000a).

Structural Fe reduction and reoxidation

A measured amount of sample (30–50 mg) was dispersed in
20 mL of deionized water in an inert-atmosphere reaction vessel
(Stucki et al. 1984a). Ten milliliters of a previously prepared
buffer solution [2 parts of 1.2 M sodium citrate (Na3

C6H5O7 2H2O) and 1 part of 1 M sodium bicarbonate (NaHCO3)]
was added quickly, and the temperature within the reaction
vessel was raised to 70 C using a water bath. Reducing agent
was added in the ratio of 100 mg of sodium dithionite (Na2S2O4)
to 30 mg of clay, and four different reduced Fe levels of the
nontronite were obtained by setting the reduction period to 10,
30, 60, or 240 min. The reduced samples were washed once
using deionized, O2-free H2O by centrifugation, then re-dis-
persed. Reoxidized samples were created by bubbling O2 gas
through selected reduced suspensions from each reduction pe-
riod for 8–12 h to maximize the level of Fe2+ to Fe3+ reoxidation.

Reduction levels of the reduced and reoxidized samples

The actual levels of Fe reduction (i.e., atomic ratio Fe2+/total
Fe) after 10, 30, 60, and 240 min of dithionite treatment and after
reoxidation were obtained using the method of Stucki (1981), as
modified by Komadel and Stucki (1988). Briefly, this method
consists of determining the Fe2+/total Fe ratio of the mineral by
photochemical analysis using 1,10-phenanthroline (phen).The
Fe2+ concentration was first determined by measuring the
Fe(phen)3

2+ complex formed during HF-H2SO4 digestion of the
mineral under red light. Then the total Fe was measured after
converting any Fe3+ in the digestate to Fe(phen)3

2+ by photo-
chemical reduction using a mercury vapor lamp.

Infrared spectroscopy

Data acquisition. IR spectra were recorded in transmission
mode, within the 400–4000 cm–1 range, with a 1 cm–1 resolu-
tion, using a Midac M2000 FTIR spectrometer, combined with
the Grams/386 program for data acquisition. The spectrometer
was constantly purged with vaporized liquid N2 to avoid H2O
and CO2 contamination.The IR spectra in the spectral ranges of
structural O-H stretching and deformation (i.e., 3000–3800 and
550–950 cm–1, respectively) were collected using self-support-
ing films.To make comparisons among the spectra, holders with
a 15 mm diameter hole were used on every film, the intensity of
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each spectrum was normalized to a sample mass of 10 mg/film,
and the offset was adjusted for some spectra. The IR spectra in
the spectral range of Si-O stretching (i.e., 800–1300 cm–1) were
collected using window deposits.The actual size of the window
deposit being very difficult to control, no weight normalization
was made in this IR range. Instead, the maximum absorption
intensity of each spectrum was normalized to an arbitrarily cho-
sen value to allow an easy comparison of the positions of the Si-
O bands.

Preparation and handling of clay films.The self-support-
ing films were made from 4–13 mg of sample using a mini-
pressure-plate apparatus with a Millipore membrane filter (Stucki
et al. 1984c).The films of the unreduced and reoxidized samples
were prepared under ambient conditions, but kept in a desiccator
containing P2O5 for about 24 h to remove the adsorbed H2O
before data collection. The films of the reduced samples were
prepared inside a glove box under an inert gas atmosphere to
prevent reoxidation, and were evacuated in the antechamber of
the glove box for a few hours to remove excess adsorbed H2O.
Prior to removal from the glove box, the reduced dry films were
transferred to a sealed vacuum cell (similar to the one described
by Angell and Schaffer 1965) to prevent reoxidation and rehy-
dration. Most of the IR spectra were acquired without remov-
ing the clay films from the sealed vacuum cell. But, in some
cases, spectra had to be measured by placing the film directly
into the sample chamber without protection from the atmo-
sphere, except for the normal dry N2 purge, because the win-
dow material of the vacuum cell (ZnSe) is opaque to IR radiation
at wavenumbers lower than 650 cm–1.These measurements were
obtained rapidly (<5 min) and a check of the reduction levels
after data collection revealed no change.

Preparation of window deposits. Because of the strong
absorptivity of Si-O bands, the self-supporting films were too
thick to be used for Si-O band measurement.An alternative tech-
nique was to deposit and dry about 1 mL of suspension (con-
taining 2 mg of clay) onto a ZnSe polished disk (25 mm in
diameter and 2 mm in thickness). The window deposits of the
unreduced and reoxidized samples were prepared under ambient
conditions. Those of the reduced samples were prepared and
dried inside the glove box under an Ar atmosphere, then trans-
ferred to a sealed vacuum cell prior to removal from the glove
box for IR spectral acquisition.

Deconvolution in the OH-stretching region. IR spectra of
the unaltered and reduced samples in the OH–stretching region
were deconvoluted using the Grams/32 computing software (ver-
sion 4.11, Galactic Industries Corporation, Salem, NH).In theory,
vibrational bands are Lorentzian, however, various factors (in-
strumental or compositional) affect their shape, leading to a
Gaussian or mixed Gaussian-Lorentzian distribution (Strens
1974). Thus, the IR spectra were fitted using bands of mixed
Gaussian-Lorentzian shape.The optimum Gaussian-Lorentzian
mixing ratios were automatically determined by the curve-fitting
program of Grams/32. The position, band-width, and intensity
of each component were generally left variable, but were some-
times constrained within a specific range to obtain a satisfactory
fitting as determined by the shape and position of coherent com-
ponents, a small value for the minimization function c2, and
good agreement between experimental and calculated profiles.

RESULTS AND DISCUSSION

Reduction levels of the reduced and reoxidized samples

The reduction levels (Fe2+/total Fe) of the reduced and re-
duced-reoxidized samples are given in Table 1.As expected, the
levels of reduction varied significantly from one experiment to
the other, depending in part on differences in reduction time.
Hereafter, reduction levels will be identified by reduction period
(i.e., 10, 30, 60, or 240 min) instead of by reduction level.Only
a small amount of Fe2+ was unrestored to Fe3+ after reoxidation
(Table 1, Fe2+/total Fe £0.011).

OH stretching: 3000–3800 cm–1 IR region

The characteristic OH-stretching bands of the unaltered (un-
reduced) and reduced nontronite samples fall in the range 3500
to 3650 cm–1 (Fig. 1), which overlaps the symmetrical and asym-
metrical H2O-stretching bands (Farmer 1974). For the initially
unaltered mineral (reduction time = 0), the OH band is rela-
tively sharp and centered at 3570 cm–1 at maximum intensity.
This position is typical for dioctahedral Fe-bearing smectites
with (Fe3+)2OH being the predominant OH environment
(Goodman et al. 1976; Russell et al. 1979).However, the shoul-
der at 3530 cm–1 is of uncertain origin.

To understand better the shape of the IR spectrum of the
unaltered Garfield nontronite, the spectrum was deconvolved

FIGURE 1. Normalized infrared spectra in the OH-stretching region
of the initially unaltered Garfield nontronite and of the samples reduced
during 10 to 240 min with buffered sodium dithionite.

TABLE 1. Reduction levels (i.e., measured atomic ratio Fe2+/total
Fe) of the reduced and reoxidized Garfield nontronite

Reduction time 10 min 30 min 60 min 240 min
Reduced Garfield 20 ± 5% 40 ± 5% 65 ± 5% ~100%
Reoxidized Garfield 0.5 ± 0.2% 0.7 ± 0.2% 0.8 ± 0.2% 1.1 ± 0.2%
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into several component bands. To obtain a satisfactory fit of
the experimental spectrum, two water bands near 3490 and 3285
cm–1 were required; the position, intensity, and attribution of
these water bands will be discussed later.The cationic composi-
tion of the unaltered Garfield nontronite octahedral sheet (3.64
Fe, 0.32 Al, and 0.04 Mg) implies the presence of at least 3
different OH-stretching bands due to FeFeOH, FeAlOH, and
FeMgOH environments.However, a better fit was obtained us-
ing 5 OH bands.Figure 2 illustrates one coherent deconvolution
with a small c2 value (2.2) and a good agreement between ex-
perimental and calculated profiles (R2 = 0.9978).The integrated
area of each OH-stretching component was normalized to the
total area of all components.The position, normalized integrated
area, and assignment of the respective OH-stretching bands are
presented in Table 2. If the absorption coefficients of all the OH
vibrators are equal, then the relative integrated area of each OH
band corresponds to the actual proportion of the corresponding
OH environment.

No satisfactory fit was possible without a small component
band at ~3638 cm–1 (1 in Fig. 2), which is attributed to an AlAlOH
environment. Its relative area compared to the AlFeOH band
(located at 3607 cm–1, 2 in Fig. 2) indicates that up to ~20% of
VIAl may be paired with another VIAl.

The ~3530 cm–1 shoulder is generated by a relatively intense
band located at 3532 cm–1 (5 in Fig. 2). Several assignments for
this band can be proposed based on its position, but its relative
intensity is less easily explained.The presence of Fe3+Fe2+OH or
(Fe2+)2OH environments would generate IR bands in this range
(Stubican and Roy 1961b), but this assignment is impossible for
the unaltered Garfield nontronite as it contains virtually no Fe2+.
Likewise, this band is too intense and narrow to be attributed to
water.

Several alternative assignments can be proposed. First, this
band could be due to cis-vacant, trans-occupied (Fe3+)2OH clus-
ters (Fe3+

cisFe3+
trans■cisOH) as suggested by Lear and Stucki (1990).

The band position for this grouping would be at lower energy
than the trans-vacant situation because, in the latter, the two OH

dipoles lie close to the plane of the layers but are pointing to-
ward each other, generating stronger OH bonds, due to proton-
proton repulsion. In the cis-vacant case, little interaction occurs
between the two OH dipoles because they are in different planes
and are oriented toward the vacant octahedral site; hence the
OH bond is weaker. The Fe3+

cisFe3+
trans■cisOH band should, there-

fore, be at lower wavenumber than the (Fe3+
cis)2■ transOH band,

which is consistent with the observed peak positions.
The large relative area of the 3532 cm–1 band is, however,

more difficult to rationalize by the cis-vacant scenario. Its in-
tensity is almost one-third of the 3572 cm–1 band (4 in Fig. 2),
but the probability of the fraction of cis-vacant sites being that
large is extremely remote.Manceau et al. (2000a) reported that,
based on XRD evidence, the fraction of cis-vacant sites is lim-
ited to less than 5% of the total sites, but Lear and Stucki (1990)
proposed a fraction as high as 13%.At these levels, the observed
relative intensities would require the O-H absorption coefficient
for the Fe3+

cisFe3+
trans■cisOH configuration to be at least double that

of the (Fe3+
cis)2■ transOH configuration.

Another possible assignment for the 3532 cm–1 band could
be to (Fe3+)2OH with the OH group pointing toward the apical
oxygen of an Al tetrahedron (Fe3+

2 O-HºOT–IVAl). The substi-
tution of Al3+ for Si4+ in a tetrahedron generates a local nega-
tive charge on its apical oxygen (OT). If one of the two tetrahedra
directly adjacent to an octahedral vacancy is occupied by Al,
the proton of the nearest OH dipole will be attracted toward its
OT, changing the orientation of the OH group and thus weak-
ening the OH bond.Therefore, we expect the (Fe3+)2O-HºOT–
IVAl band to be at lower wavenumber than 3572 cm–1. Only
~10% of the tetrahedra in the Garfield nontronite are occupied
by Al, but the relative area of the 3532 cm–1 and 3572 cm–1

bands are 23.5 and 76.5%, respectively. Thus, if we hypoth-
esize that all the IVAl are selectively distributed in tetrahedra
toward which the OH dipoles are pointing, then the relative
area of the (Fe3+)2O-HºOT–IVAl band would be 23.5% only if
the absorptivity were 2.7 times larger than when the OH is point-
ing toward two Si tetrahedra. The length and orientation of the
OH bond when pointing toward the OT of an Al tetrahedron
would give a larger projection on the a

Æ
-b

Æ
plane than when the

two adjacent tetrahedra are occupied by Si.Therefore, we would
expect the absorptivity coefficient of the 3532 cm–1 band to be
significantly higher than that of the 3572 cm–1 band but cer-
tainly not as much as 2.7 times. Thus, although we cannot dis-
card this hypothesis, it is insufficient to explain the presence of
such an intense 3532 cm–1.

Another explanation for the 3532 cm–1 band could be that it
arises from a crystal-field effect due to the substitution of IVAl for
IVSi (Caspers and Buchanan 1962; Farmer and Russell 1964).
Caspers and Buchanan (1962) showed that the electrostatic-field
effects have a great influence on the OH–stretching vibrations in
LiOH, Ca(OH)2, and Mg(OH)2. Random substitutions of IVAl
for IVSi in the Garfield nontronite could act as structural irregu-
larities and modify the crystal field in the environment of the
nearest FeFeOH groupings. This substitution could lead to two
different ranges of O-H distances and, thus, two different fre-
quencies. This crystal-field effect also could be responsible for
the anomalous antiferromagnetic behavior of the unaltered
Garfield nontronite at low temperature (Lear and Stucki 1990).

FIGURE 2. Deconvolution of the unaltered Garfield nontronite
IR spectrum into several components (1–5, Table 2) in the OH-
stretching range; experimental and calculated curves (* = band
attributed to water).
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Further investigations are needed to validate or discard these
hypotheses.

The 3532 cm–1 band also could be attributed to the symmetric
(Fe3+)2OH vibration. Each pair of Fe3+ shares two OH groups
that are related by a center of symmetry.A coupling between the
vibrations of these two OH groups can generate two vibrations:
one in which the OH groups are out of phase (antisymmetric
vibration located at 3572 cm–1), and the other in which the OH
groups are in phase (symmetric vibration).The symmetric vibra-
tion should be IR inactive but could generate a weak band around
3630–3650 cm–1 if the symmetry of the structure were not ideal
(i.e., Farmer and Russell 1964).Although this hypothesis alone
cannot explain the intense 3532 cm–1 band, it cannot be rejected
because of our poor understanding of the structure and symme-
try of the Garfield nontronite.

As the reduction time increased from 10 to 60 min (i.e., as
more Fe3+ in the clay was reduced to Fe2+), the overall OH band
shifted progressively downward to 3528 cm–1, its width increased,
and its intensity decreased (Fig. 1).After 240 min of reduction,
the structural OH band almost disappeared. After 10 min of
reduction, a narrow band appeared at ~3623 cm–1 and a broad
water band was clearly observed at ~3400 cm–1. With the ad-
vancement of the reduction process, the 3623 cm–1 band in-

creased slightly in intensity while the intensity of the 3400
cm–1 band increased greatly.

To understand better the changes occurring in the IR spec-
trum of the Garfield nontronite with increased reduction time,
spectral deconvolution of the reduced samples was attempted.
The spectra of the reduced samples were normalized to the total
area of all OH-stretching components in the unaltered Garfield
nontronite to allow a semi-quantitative approach to understand-
ing band intensities. Each deconvolution was performed using
the minimum number of components necessary to obtain a satis-
factory fit (c2 < 25, R2 > 0.99). Each deconvolution included
two broad water bands at 3415–3485 and 3205–3285 cm–1, a

TABLE 2. Position (n–), integrated area (A) and attribution of the
OH-stretching infrared bands of the unaltered Garfield
nontronite

Band OH environment n– (cm–1) A (%)
1 AlAlOH 3638 1.69
2 Fe3+AlOH 3607 12.48
3 Fe3+MgOH 3589 2.06
4 Fe3+Fe3+OH 3572 64.12
5 Fe3+Fe3+OH* 3532 19.65
    Total 100.00
* Uncertain assignment, see text.

FIGURE 3. Deconvolution of the reduced Garfield nontronite IR spectra into several components (1–3, Table 3) in the OH-stretching range;
experimental and calculated curves (* = bands attributed to water).
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narrower band at ~3590 cm–1 (which may also be attributed to
water), and three OH-stretching bands between 3520 and 3630
cm–1. (The position, intensity, and assignment of the water bands
will be discussed later.)Results from representative satisfactory
deconvolutions are reported in Figure 3 and Table 3.

The 3620–3627 cm–1 component (component 1, Fig. 3, Table
3), apparently absent from the unaltered Garfield nontronite (Fig.
2, Table 2), was present in the spectra of each reduced sample
and increased in relative area with increasing reduction time
(Figs. 1 and 3, Table 3).This trend indicates that a new cationic
combination (or distribution) may have emerged after just 10
min of reduction. No absorption near 3620–3627 cm–1 has ever
been reported for Fe-rich, dioctahedral layer silicates, although
Burns and Strens (1966) observed fundamental OH-stretching
vibrations of (Fe2+)3OH at 3625 cm–1 and 3615 cm–1 in two am-
phibole series (i.e., tremolite-ferroactinolite and cummingtonite-
grunerite). Therefore, the 3620–3627 cm–1 band of the reduced
Garfield nontronite samples may be due to (Fe2+)3OH
trioctahedral groupings formed during the sodium dithionite re-
duction process, as already proposed by Manceau et al. (2000b).
This assignment is supported by the pleochroic behavior of this
band (Fig. 4), which was detected by comparing the spectra

obtained from self-supporting films of the 240 min reduced
sample oriented at 90 and 60 to the incident IR beam. Spectra
were thickness-normalized to allow a valid comparison between
them.The intensity of the 3622 cm–1 band increased from the 90
to the 60 orientation.This pleochroic behavior can only be ob-
served in trioctahedral clay minerals and indicates that the OH
groups of the reduced sample are oriented perpendicular to the
plane of the clay film.Hence, trioctahedral domains must form in
certain zones of dioctahedral smectites.Manceau et al. (2000b)
showed polarized EXAFS and XRD evidence that, in fact, Fe
atoms migrate from cis- to neighboring trans-positions in the
octahedral sheet as the Fe2+ content increases, yielding (Fe2+)3OH
entities and large cavities. This result clearly is a new concept
that needs further investigation and verification, particularly with
respect to its structural implications.

With the increase of reduction time, the total area of the OH-
stretching bands decreased progressively from 100% for the
unaltered Garfield nontronite (Fig. 2, Table 2) down to 9.5% for
the fully reduced sample (Fig. 3, Table 3). This behavior indi-
cates a progressive loss of OH groups during the reduction
process. This finding is in agreement with the mechanism of
smectites reduction, proposed by Roth and Tullock (1973) and
modified by Stucki and Roth (1977), involving the three follow-
ing reactions:

m (Fe3+)structural + m e–Æm (Fe2+)structural (1)

2n [OH–]structuralÆ n [O2–]structural + n H2O (2)

n [O2–]structural + n [H+]solvent Æ n [OH–]structural. (3)

According to this mechanism, the Garfield nontronite is re-
duced by an electron transferred from the sodium dithionite (Eq.
1), accompanied by the condensation of structural OH and for-
mation of water (Eq. 2).The structural oxide formed in Equation
2 would then reprotonate (Eq. 3).Thus, a total of n/m structural
OH would be lost for each Fe3+ reduced to Fe2+. For the SWa-1
ferruginous smectite, Lear and Stucki (1985) estimated the n/m
ratio to be about 0.32 and to be invariant over the range of Fe2+

contents they studied. In the present study, assuming that the
unaltered Garfield nontronite contains the theoretical number of
OH per formula unit (4 OH), and neglecting any possible differ-
ence in the absorption coefficient of all the OH-stretching bands
of the unaltered and reduced samples, the estimated n/m ratio
would be about 1.0–1.4 (calculated from Table 3). This large
discrepancy with the value estimated by Lear and Stucki (1985)
indicates that the absorptivities of the OH vibrators probably
decreased during the reduction process, resulting in an overesti-
mation of the number of OH lost, and thus leading to an inaccu-
rate determination of the n/m ratio from the IR data.Changes in
the VIFe oxidation level and partial dehydroxylation can effec-
tively generate changes in the orientation of the remaining OH
dipoles and thus in their absorptivity.Besides, if the 3620–3627
cm–1 band is effectively due to (Fe2+)3OH entities, the OH group
is perpendicular to the plane of the clay and the corresponding
absorptivity is then smaller than that of FeMOH (with M = Fe,
Al, or Mg).

The progressive shift of the overall OH band from 3570
FIGURE 4. Normalized infrared spectra of the 240 min reduced

Garfield nontronite film oriented 90 and 60 to the incident beam.

TABLE 3. Position n– and relative area (A) of the OH-stretching in-
frared bands of the 10 to 240 min reduced Garfield
nontronite

Band 10 min 30 min 60 min 240 min
reduction reduction reduction reduction

n–(cm–1) A (%) n–(cm–1) A (%) n–(cm–1) A (%) n–(cm–1) A (%)
1 3625 0.25 3620 0.49 3620 1.73 3627 1.79
2 3550 47.21 3543 21.66 3542 7.21 3542 1.74
3 3530 33.55 3529 27.04 3522 12.22 3522 5.97
    Total 81.01 49.19 21.15 9.50
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down to 3528 cm–1 upon reduction (Fig. 1) reflects a diversifica-
tion of the OH environment from (Fe3+)2OH to combinations of
(Fe3+)2OH, Fe3+Fe2+OH, and (Fe2+)2OH, and variations in the
relative fractions of these three cationic groupings. Indeed, in-
creasing the Fe-reduction level produced more Fe3+Fe2+OH and
(Fe2+)2OH associations, generating bands at much lower
wavenumbers than 3570 cm–1.This result is particularly obvious
when comparing the positions and relative areas of components
2 and 3 of the deconvolved spectra of the reduced samples (Fig.
3, Table 3).Component 2, which can be attributed to a mixture of
Fe3+MOH (with M = Al or Fe3+) and Fe3+Fe2+OH, shifted from
3550 down to 3542 cm–1, indicating a decrease in the proportion
of (Fe3+)2OH environments in favor of Fe3+Fe2+OH environ-
ments.Component 3, attributed to a mixture of Fe3+Fe2+OH and
(Fe2+)2OH, shifted from 3530 down to 3522 cm–1, indicating an
increase in the proportion of (Fe2+)2OH environments compared
to Fe3+Fe2+OH environments.Although the components 2 and 3
both decreased significantly in area with increasing reduction
time, due in part to dehydroxylation, the area of component 3
increased relative to component 2.This behavior indicates once
more the significant increase in the proportion of Fe3+Fe2+OH
and (Fe2+)2OH environments over Fe3+MOH environments.

Analysis of the positions and integrated areas of the water-
stretching bands for the unaltered and reduced Garfield nontronite
samples (Table 4) revealed that the n–1 band, which is assigned
to weakly hydrogen-bonded water (Farmer 1971, 1974), was
absent from the unaltered spectrum but is present in the reduced
sample. Although its position is relatively constant in the re-
duced sample, its band area increased progressively from 7.9%
in the 10 min reduced sample up to 12.0% for the 240 min
fully reduced sample.

The n–2 and n–3 bands were both present in all the spectra and,
with increasing reduction time, shifted significantly to lower
wavenumbers and increased in intensity.These bands are due to
the stretching vibrations of water OH groups involved in hydro-
gen bonding (Farmer 1971, 1974). Their progressive shift to
lower wavenumbers is consistent with the progressive shift of
the H-O-H-bending band from 1627 up to 1632 cm–1 (present
study, data not shown; Yan and Stucki 2000).These shifts of the
H-O-H-stretching and bending bands with the increasing Fe
reduction indicate that the water molecules become increasingly
more strongly hydrogen-bonded to the clay surface or to other
water molecules.Furthermore, the total area of the n–2 and n–3 H-
O-H–stretching bands increased simultaneously with the de-
crease in total area of the structural OH-stretching bands as the
time of reduction increased from 10 to 240 min, indicating that
the loss of structural OH may be coupled to the increase in H-O-
H (Fig. 5). We propose that the n–2 and n–3 bands are due to

stretching vibrations of strongly hydrogen-bonded H2O mol-
ecules within the crystal structure.These H2O molecules derive
from the dehydroxylation and condensation of structural OH
groups during the reduction process (Eq. 2) and could have been
trapped within large cavities formed upon the migration of some
Fe2+ from cis- to trans-octahedral sites. To explain these phe-
nomena, we propose the following sequence of events.With the
increase of reduction time, more Fe3+ ions are reduced to Fe2+

(Eq. 1), more Fe2+ ions migrate from cis- to trans-sites (forma-
tion of the trioctahedral domains), more or larger cavities are
formed within the octahedral sheet, more OH groups are lost
(Eq. 2), more water molecules condense within the cavities, and
these molecules thus become more hydrogen-bonded with the
clay surface and/or with each other.

The effect of reoxidation on the H-O-H and structural OH
stretching is illustrated by comparing the unaltered, reduced, and
reduced-reoxidized samples together (Fig. 6). The greater the
initial level of reduction, the less reversible the IR spectra.When
the nontronite was reduced for only 10 min, the OH band was
essentially restored to its original intensity and wavenumber
(3570 cm–1) upon complete reoxidation (Fig. 6a). This result
indicates that a change in Fe oxidation state is the primary pro-
cess during the first 10 min of reduction. Indeed, if any cationic
rearrangement had occurred during this period of reduction, the
IR spectrum of the reoxidized sample would be at least slightly
different from that of the unaltered clay, as complete restoration
to the original site occupancy and arrangement would be highly

FIGURE 5. Total area of the structural OH-stretching bands vs. the
sum of the n–2 and n–3 H-O-H–stretching bands.

TABLE 4. Position (n–i, with i = 1, 2, and 3), relative area (Ai), and total area (AT) of the H-O-H–stretching infrared bands of the unaltered
and reduced Garfield nontronite

Reduction Fe2+/Total Fe n–1 A1 (%) n–2 A2 (%) n–3 A3 (%) AT (%)
time (min) (%) (cm–1) (cm–1) (cm–1)
0 0 – – 3490 24.32 3285 10.75 35.07
10 20 3594 7.92 3485 25.73 3285 8.00 41.65
30 40 3589 3.98 3476 66.85 3268 23.81 94.64
60 65 3594 5.93 3449 84.22 3236 83.10 173.25
240 100 3594 12.00 3415 95.89 3205 105.09 212.98
Note: Each spectrum was normalized to the total area of the OH-stretching bands of the unaltered Garfield.
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unlikely. Moreover, the intensity decrease of the OH-stretch-
ing band after 10 min of reduction (Figs. 1, 3, and 6a) must be
due to a superficial dehydroxylation (on the edge and within
the external layers) as it was readily reversed upon reoxidation.

Reoxidation of the 30 min reduced sample restored the OH
band to its original wavenumber (3570 cm–1) but its intensity
was not restored totally (Fig. 6b).This intensity difference indi-
cates that as the reduction process proceeds, the loss of OH
becomes more extensive and less reversible upon reoxidation.
Restoration of the peak position, however, shows that during
the first 30 min of reduction, no significant cationic rearrange-
ment occurred.

Reoxidation of the 60and 240 min reduced samples restored
neither the peak intensity nor the frequency of the original OH
band (Figs. 6c and 6d). Reoxidation shifted the OH band only
back to 3563 and 3547 cm–1, respectively. This result suggests
that both cationic rearrangements and extensive loss of struc-
tural OH groups occurred during the first hour of reduction and
that reoxidation failed to restore the unaltered configuration.The
loss of OH was only partially restored and the cationic rear-
rangement in the reoxidized sample was redistributed into a dif-
ferent configuration from the unaltered sample.

Whatever the time of reduction, the 3620–3627 cm–1 band
previously observed in the spectra of the reduced samples was
lost upon reoxidation. If this band was effectively due to
(Fe2+)3OH domains generated by the migration of Fe2+ from cis-
to trans-sites during reduction, its disappearance after reoxidation
indicates that the Fe were redistributed within the octahedral
sheet to return to a fully dioctahedral sheet. Either the same Fe
ions that had migrated during reduction moved back to their origi-

nal positions (reversibility;10 and 30 min reduction), or reoxidation
redistributed the cations into a dioctahedral configuration different
from that of the unaltered Garfield nontronite (irreversibility;
>30 min of reduction).

Interestingly, the tightly bound H2O band (~3400 cm–1) that
was present in the reduced samples (Figs. 1 and 3) was also
mainly lost when the samples were reoxidized, suggesting that
most of the hydrogen-bonded H2O was either released to solu-
tion or re-incorporated into the structure.This finding is in agree-
ment with the assignment of this band to H2O molecules trapped
inside large cavities created upon reduction by the migration of
Fe2+ from cis- to neighboring trans-positions in the octahedral
sheet (Manceau et al. 2000b; Drits and Manceau 2000). By re-
distributing Fe within the octahedral sheet, reoxidation fills the
cavities that had formed during reduction, re-incorporating part
of the trapped H2O molecules into the structure and releasing
possible extra H2O to solution.

O-H deformation: 550–950 cm–1 IR region

Deformation bands belonging to M-O-H (with M = Mg, Al,
or Fe) in the unaltered (unreduced) and reduced samples are
shown in Figure 7.No spectral deconvolutions were performed
for this region because of the great uncertainty in the baseline.
The band located at 822 cm–1 is assigned to (Fe3+)2OH deforma-
tion (Serratosa 1960; Stubican and Roy 1961b; Farmer and
Russell 1964; Farmer 1974).The 870 cm–1 band is attributed to
deformation modes of AlFe3+OH (Russell et al. 1970; Farmer
1974).The weak 913 cm–1 band is attributed to Al2OH deforma-
tion (Farmer and Russell 1964), justifying the use of a weak
Al2OH-stretching band for the deconvolution of the unaltered

FIGURE 6. Normalized infrared spectra
in the OH-stretching region of the Garfield
nontronite reduced during different times,
then reoxidized: reduction times of (a)
10 min; (b) 30 min; (c) 60 min; and (d)
240 min. The spectrum of the initially
unaltered Garfield nontronite is given in
each plot for comparison.
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Garfield nontronite spectrum in the OH-stretching range (Table 2).
The assignment of the 844 cm–1 band is still under discus-

sion. Goodman et al. (1976) attributed it to deformation modes
of AlFe3+OH where Fe is the principal matrix, noting that this
band shifts to 870 cm–1 if the neighboring cations are Al. Such
an assignment, however, fails to explain the presence of both
870 and 844 cm–1 bands simultaneously.Stucki and Roth (1976)
assigned the 844 cm–1 band to an Fe-(OH)-stretching vibra-
tion.But, as already discussed by Russell et al. (1979), Fe-(OH)-
stretching would unlikely generate an IR band in this
wavenumber range. Russell et al. (1970) and Cracium (1984)
observed an AlMgOH-deformation band at 839–848 cm–1 in
montmorillonite, and such an assignment for the 844 cm–1 band
of nontronite has been adopted by several authors (i.e., Petit et
al. 1992; Grauby et al. 1994). The present study, however, in-
dicates that this assignment is unlikely owing to the high in-
tensity of this band (Fig. 7) despite the low octahedral Mg
content (Manceau et al. 2000a) of the unaltered Garfield
nontronite. Russell et al. (1979) assigned it to a Si-O (apical)-
stretching vibration, which could be visible by IR due to dis-
tortions in the tetrahedral sheet.However, Keeling et al. (2000)
reported a (Fe3+)2(OH)-libration band near 845 cm–1 for two
hydrothermal nontronite samples.

The 790 cm–1 band was assigned to Fe3+MgOH deformation
by Farmer (1974) and Goodman et al. (1976). However, this
assignment is unlikely because the Garfield nontronite contains
only 0.04 Mg cations per formula unit (Manceau et al. 2000a)
whereas the 790 cm–1 band is relatively intense compared to the
822 cm–1 band.An alternative assignment for the 790 cm–1 band
could be the Si-O vibration of an Si-rich admixture, such as
amorphous silica, which absorbs near 790 cm–1. Although a
special method was used for the clay purification, this hypoth-

FIGURE 7. Normalized infrared spectra in the OH-deformation
region of the initially unaltered Garfield nontronite and of the
samples reduced during 10 to 240 min with buffered sodium
dithionite.

esis remains viable, as the presence of such an amorphous phase
is possible and its absence has yet to be proven. The assign-
ment of the 589 cm–1 band is uncertain but it may be due to a
combined Si-O-Fe3+-bending mode (Stubican and Roy 1961a).

After 10 min of reduction, the 844 and 790 cm–1 bands both
were lost (Fig. 7). The 822 cm–1 band shifted down to 814 cm–1

and remained close to that position for all levels of reduction. In
addition, its intensity steadily decreased as reduction time in-
creased. The 790 cm–1 band possibly shifted toward the main
822 cm–1 band, accounting for the shift of the latter to lower
wavenumber.After 240 min of reduction, the 870 and 822–814
cm–1 bands also disappeared completely and a new band emerged
at 653 cm–1.No apparent connection was observed between this
new band and any of the disappearing ones. However, a band
located in the same region is generally observed for (Fe2+)3OH-
deformation modes in talc (Wilkins and Ito 1976).Thus, the 653
cm–1 band of the 240 min reduced Garfield nontronite could be
due to (Fe2+)3OH deformation, which supports the hypothesis
of trioctahedral domain formation upon reduction. However,
the high intensity of this band suggests that it is not due only to
(Fe2+)3OH deformation. A band located at 672 cm–1 for the un-
altered Garfield nontronite does not change significantly upon
reduction and could still be present in the spectrum of the 240
min reduced sample. The 653 cm–1 band observed for this
sample could be generated by the overlap of one band at 672
cm–1 and another one due to (Fe2+)3OH deformation at lower
wavenumber. The 672 cm–1 band is attributed to Fe-O out-of-
plane vibration (Farmer 1974).This band is expected to shift to
lower wavenumber upon Fe3+ reduction, but no evidence of
such a shift was observed in the present study. The 589 cm–1

band decreased in intensity until it disappeared completely af-
ter 60 min of reduction.

The overall decrease in intensity of the M-Fe-OH-defor-
mation bands upon reduction reflects once more the progres-
sive loss of OH groups. The varying positions of these bands
upon reduction are generated by changes in the cationic envi-
ronment surrounding the remaining OH groups as more Fe3+ is
reduced to Fe2+.

The effect of reoxidation on M-Fe-OH deformations is il-
lustrated by comparing the unaltered, reduced, and reduced-
reoxidized samples together (Fig. 8).None of the spectra of the
reoxidized samples is identical to that of the unaltered Garfield
nontronite. Thus, reoxidation failed to restore completely the
changes that occurred during Fe3+ reduction to Fe2+, regardless
of reduction time. However, the 822, 844, and 589 cm–1 bands
were partially restored in all of the reoxidized samples, but the
844 and 589 cm–1 bands were missing from the 240 min reduced
sample (Fig. 8d) after reoxidation. A connection was observed
between the 844 and 589 cm–1 bands as these two bands were
restored simultaneously. This connection tends to confirm the
hypothesis that the 589 cm–1 band is due to a combined Si-O-
Fe3+–bending mode. The new band observed at 653 cm–1 in the
240-min reduced sample (Figs. 7 and 8d) disappeared upon
reoxidation.This result agrees with its assignment to (Fe2+)3OH-
deformation modes, as almost all the structural Fe2+ was
reoxidized (Table 1). If any changes in the 672 cm–1 band oc-
curred upon reduction, they were completely restored upon
reoxidation.
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Si-O stretching: 800–1300 cm–1 IR Region

The Si-O-stretching band in the unaltered Garfield
nontronite consists of the overlapping of two components in
the range 1070–1110 cm–1 and two others at ~1034 and ~1000
cm–1 (Yan and Stucki 2000). The 1034 cm–1 component is an
out-of-plane Si-O vibration whereas the three others are due to
in-plane vibrations (e.g., Yan and Stucki 2000).The position of
the intense Si-O-stretching band (Fig. 9) shifts progressively
from 1029 cm–1 in the unaltered Garfield nontronite (0 min re-
duction time) down to 986 cm–1 after 240 min of reduction. A
similar shift was observed by Yan and Stucki (2000), who found
that the extent of shift in these bands affects the coupling be-
tween adsorbed water and the surface. Former studies showed
that the Si-O-stretching band is shifted to lower wavenumbers
upon layer charge increase and to higher wavenumbers upon
charge decrease (i.e., Madejová et al. 1996; Komadel et al.
1999). Thus, the shift of the Garfield nontronite Si-O-stretching
band upon reduction is at least partly due to the inherent charge
increase. However, as already emphasized by Yan and Stucki
(2000), this large shift could also result from the migration of some
Fe atoms from cis- to trans-sites and the formation of trioctahedral
domains.

Reoxidation of the reduced samples moved the Si-O band

FIGURE 9. Infrared spectra in the Si-O-stretching region of the
initially unaltered Garfield nontronite and of the samples reduced during
10 to 240 min with buffered sodium dithionite.

FIGURE 8. Normalized infrared spectra in the OH-deformation region of the Garfield nontronite reduced during different times, then reoxidized:
reduction times of (a) 10 min; (b) 30 min; (c) 60 min; and (d) 240 min. The spectrum of the initially unaltered Garfield is given in each plot for
comparison.
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(Fig. 10) in the direction toward, but not completely to, the
original value (i.e., 1029 cm–1) as already observed by Yan and
Stucki (2000). For example, a difference of 10 cm–1 in the Si-O
band position was observed between the unaltered Garfield
nontronite (1029 cm–1) and the sample reoxidized after 240 min
of reduction (1019 cm–1, Fig. 10d).

This remarkable change in Si-O wavenumber due to Fe oxi-
dation state strongly refutes the previously accepted rule that the
octahedral cationic composition has little effect on the Si-O
wavenumber (Stubican and Roy 1961a). One could argue that
the possible dissolution of Al in the medium of citrate-bicarbon-
ate buffer could be responsible for the variations in Si-O
wavenumber (Stucki et al. 1984b; Jackson 1979), but reoxidation
substantially reversed the wavenumber shifts, which could not
happen if the shift were due to dissolution.This finding clearly
indicates that dissolution is unlikely to be the dominant process
causing wavenumber shifts of the Si-O bands in the present
study. Furthermore, the partial irreversibility of the Si-O band
shift, even though the Fe2+ is virtually totally reoxidizable, indi-
cates that factors in addition to changes in the layer charge
affect the Si-O band position.Cation rearrangement along with

changes in Fe oxidation state must be key factors affecting the
Si-O stretching energy during reduction.

Proposed reduction sequence and irreversibility

During the first 10 min of reduction, only a change in Fe
oxidation state and a superficial dehydroxylation occur, these
changes being virtually reversible. As the reduction proceeds
further, the loss of structural OH becomes more extensive and
less reversible.As many as two OH groups are lost either simul-
taneously or sequentially from a given cis-hydroxide octahe-
dron, forming strongly bound structural H2O and significant
cationic rearrangements in the octahedral sheet. The extent of
irreversibility in this regard becomes increasingly evident as the
initial level of reduction increases (Figs. 6b, 6c, 6d, 8b, 8c, 8d,
10b, 10c, and 10d). As the level of reduction increases, rear-
rangement of cations occurs to form trioctahedral domains.Upon
reoxidation, cations are re-distributed in a different manner than
existed in the unaltered clay, and the lost OH is only partially
restored. The overall redox process is, therefore, in some re-
spects irreversible even though virtually all Fe2+ in the struc-
ture can be reoxidized.

FIGURE 10. Infrared spectra in the Si-O-stretching region of the Garfield nontronite reduced during different times, then reoxidized: reduction
times of (a) 10 min; (b) 30 min; (c) 60 min; and (d) 240 min. The spectrum of the initially unaltered Garfield nontronite is given in each plot for
comparison.
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